Summary.
Vascular architecture in the periodontal ligament of hamster incisors was investigated by use of vascular casts under a scanning electron microscope (SEM). In addition to ordinary nutrient blood vessels, anastomosing vessels of large caliber developed, surrounding the incisor. From their characteristic configuration, these vessels were regarded as "sinusoids". The plexus of sinusoidal vessels was connected with capillaries in the papillary layer of the enamel organ at the labial periodontal ligament, and with veins penetrating into the alveolar bone on the lingual side. Transmission electron microscopic (TEM) observation showed that the sinusoidal wall was composed of only a thin layer of endothelial cells, lacking a smooth muscular element, and surrounded by densely arranged collagen fibers. Although the frequent association of Ruffinitype nerve endings with siunsoidal vessels was noted, neither direct contact nor specialized structures between these was recognizable.
A possible function of the periodontal sinusoids is discussed on the basis of their distribution and ultrastructural evidence.
The periodontal ligament is a dense collagenous tissue which anchors the teeth to the alveolar bone and also functions as a cushion against occlusal force (SCHROEDER, 1986) . The blood vessels in the periodontal ligament have also been considered another important factor that serves as a cushion as the blood in them acts as a viscoelastic system (FREEMAN, 1989) . In contrast to the periodontal ligament of the rooted teeth, that of the continuously erupting incisors of rodents undergoes constant remodeling of its collagen fibers throughout life. The lingual periodontal ligament of rodent's incisors is known to be divided into two characteristic parts: a tooth-related and alveolus-related part (BEERTSEN et al., 1974) . They are also designated avascular and vascular zones, respectively, the latter being rich in vasculature including vessels of unusually large caliber (KANNARI et al., 1991) . Among the authors dealing with the blood vessels in the periodontal ligament of rodent's incisors (KINDROVA and MATENA, 1959; HUELKE and CASTELLI, 1965; IWAKU and OZAWA,1979) , KINDROVA and MATENA (1959) and IWAKU and OZAWA (1979) noticed the existence of vessels with a large lumen, although no reference to their precise distribution or functional significance was given by the authors.
The periodontal ligament is known to receive rich innervation involved in the transmission of pain as well as proprioceptive sensation. Our previous studies have demonstrated that Ruffini endings, stretch receptors, are predominant in the lingual periodontal ligament of rodent's incisors, being restricted to the alveolusrelated part (vascular zone) (SATO et al., 1988 (SATO et al., , 1989 MAEDA et al., 1989; KANNARI, 1990) . In the course of our studies, we further noticed that the alveolar half of the lingual periodontal ligament of rodent's incisors was occupied exclusively by peculiar vessels with an unusually large lumen and collagen bundles containing Ruffini endings, both of which were alternately arranged. These findings lead us to propose that Rufiini endings and peculiar blood vessels form a mechanoreceptive complex in the lingual periodontal ligament (KANNARI et al., 1991) .
In order to further clarify this hypothesis, the present study has investigated the three-dimensional vascular architecture in the periodontal ligament of hamster incisors, using a microvascular casting method. It focuses on blood vessels of large caliber and their possible functions. 
MATERIALS AND METHODS
Scanning electron microscopic study of corrosion casts Twenty adult golden hamsters, weighing about 100 g, were used for the preparation of corrosion casts. The animals were anesthetized by an intraperitoneal injection of sodium pentobarbiturate (20 mg/kg) and perfused through the ascending aorta with physiological saline, followed by 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). After perfusion fixation, a mixture of "Mercox" and monomeric methyl methacrylate (Dainippon-ink Co. Ltd.) was injected through the aorta and polymerized at room temperature for 5 h.
The mandible-including lower incisors was removed from the cranium, macerated in 20% KOH solution at 60°C for 24 h and washed in running tap water to remove the soft tissue completely. The alveolar bone covering the incisors was carefully chipped off until the casts of blood capillaries were successfully obtained. The specimens were sputter-coated with gold in a vacuum evaporator (Eiko IB-3) and observed under a SEM (Hitachi S-510) at an accelerating voltage of 5 kV.
Transmission electron microscopy
For TEM observation, an additional fifteen animals were perfused with 2.5% glutaraldehyde in 0.05 M cacodylate buffer (pH 7.4) containing 0.5% sucrose. The mandible was removed and immersed in the same fixative for an additional 6 h. After decalcification with 5% neutral EDTA-2Na solution for 3 weeks, the mandibles were sagittally cut at a 300um thickness with a vibratome (Brunswick Co. Ltd.). The specimens were postfixed in 1% OsO4 for 4 h at 4C, dehydrated through a series of ethanol, and embedded in Epon-812. Semithin sections were stained with toluidine blue for light microscopic observation. Ultrathin sections prepared with an ultramicrotome (ReichertNissei Ultracut N) were stained doubly with uranyl acetate and lead citrate and examined with an H-7000 transmission electron microscope (Hitachi, Co. Ltd.).
RESULTS

Light microscopic observation of semithin sections
In hamster incisors, histological features of the lingual and lateral periodontal ligament both facing the cementum-differed from those of the labial periodontal ligament facing the enamel organ.
In the lingual and lateral portions, the periodontal ligament was divided into two distinct compartments: one zone close to the alveolar bone, being rich in blood vessels of large caliber, and an avascular zone located close to the tooth surface. These compartments have been designated as the alveolus-related and tooth-related parts, respectively (BEERTSEN et al., 1974) (Fig. la) . In sagittal sections of the teeth, the blood vessels and a tuft of collagen fibers were alternately arranged in the alveolus-related part of the lingual and lateral periodontal ligament.
The labial periodontal ligament, on the other hand, was rich in vascular elements extending across the entire width of the ligament: there was no avascular zone. Nevertheless, the labial periodontal ligament could be divided into two parts according to the types of blood vessels: the alveolus-side of the ligament penetrated by vessels possessing large lumen, and the rest of the ligament close to the papillary layer of the enamel organ containing well-developed capillaries (Fig. 1b) .
Scanning electron microscopic observation
The perfusion of low-viscosity methacrylate medium through the ascending aorta allowed suitable casting of the vasculature of the periodontal ligament. However, we failed to obtain intact vascular casts at the border region between the periodontal ligament and the alveolar bone; the partial breakage of small arteries adjacent to the alveolar bone was unavoidable since the alveolar bone had to be chipped off to expose sites for observation.
Periodontal spaces around the incisors were conspicuously rich in blood vessels of various sizes (Fig.  2) . In particular, large-caliber vessels anastomosed with each other to form a vascular network surrounding the entire perimeter of the incisor (Figs. 2, 3) . The vessels in the lingual side of the ligament anastomosed densely and complexly, the anastomoses becoming sparse when approaching the labial side. Cross sections of the vessels showed that in the lingual portion they were ovoid in shape, whereas they were flat and wide in the labial portion. In the lateral portion of the periodontal ligament, most of the large vessels displayed contours intermediate of the two. The aver- age diameter of vessels, along the long axis, was about 100,um and 200,um in the lingual and labial periodontal ligament, respectively, implying the "sinusoidal" nature of these vessels. A concentrated distribution of the sinusoids was recognized in the apical half of the periodontal ligament. As the sinusoids approached the incisal edge, the anastomosis and their diameter gradually decreased.
Besides the sinusoids, there were small arteries that eventually ramified capillaries around the sinusoidal vessels. In the labial periodontal ligament, these were small arteries branching off from the inferior branch of the inferior alveolar artery and nourishing a dense network of capillaries showing ladder-like appearance in the papillary layer of the enamel organ. The capillary network was connected with the sinusoidal vessels via several short venules in the vicinity of cementum-enamel junction (Fig. 5 ).
The sinusoids in the lingual periodontal ligament were directly connected with the vasculature of the alveolar bone via two or three thick veins entering the bone (Fig. 2) . In spite of our careful observation, we failed to find any valves in the sinusoids or the thick veins coming into the alveolar bone. Small arteries branched off from the superior branch of the inferior alveolar artery and their capillaries were distributed around the sinusoidal vessels on the lingual and lateral sides (Fig. 4) .
Transmission electron microscopic observation
Under the TEM, the sinusoidal wall in the periodontal ligament consisted of only a thin endothelium; it was not associated with any smooth muscles or pericytes. The endothelial cells possessed a spindle-shaped nucleus. The cytoplasm was rich in filamentous ele- ments, but poor in other cell organelles (Fig. 6 ). They were of a non-fenestrated type and combined with adjacent endothelial cells by tight junctions. The endothelium was covered by a single layer of basal lamina which was amorphous and electron-dense in appearance, and further surrounded by densely arranged periodontal collagen fibers (Fig. 6) . A close association of capillaries with the sinusoidal endothelium was frequently encountered. These were of a nonfenestrated type and surrounded by a single layer of basal lamina and associated with pericytes (Fig. 7) .
As shown in previous reports, the lingual and lateral periodontal ligament contained Ruffini nerve endings, while the labial portion was mainly innervated by free nerve endings (SATO et al., 1988; MAEDA et al., 1989; KANNARI, 1990) . In the former portion of the ligament, Ruffini nerve endings were frequently encountered adjacent to the sinusoids. However, substantial amounts of collagen fibers intervened here and neither direct contact nor any specific adherent elements were recognizable between sinusoidal endo- Fig. 6 . TEM image of a sinusoidal vessel in the lingual periodontal ligament. The sinusoidal wall is lined by a thin non-fenestrated endothelium. It is less than 300 nm in thickness at a thin region and about 3 ,um at a thick region containing a spindle-shaped nucleus (N). The endothelium is associated with a single layer of basal lamina implicating the absence of a smooth muscle covering, and further surrounded by dense collagen fibers (CF) which are negatively stained in this section. L vascular lumen, SC terminal Schwann cell. x 8,000 thelium and Ruffini nerve endings (Fig. 8) .
DISCUSSION
The present electron microscopic study revealed well-developed sinusoids in the periodontal ligament surrounding the entire perimeter of hamster incisors. Ultrastructural features of the sinusoidal wall were also demonstrated by TEM. Vasculature of the periodontal ligament of molar teeth has been documented by many investigators (refer to SCHROEDER, 1986) . On the other hand, only a few reports have been published on the periodontal ligament of continuously-growing incisors in rodents (KINDROVA and MATENA, 1959; HUELKE and CASTELLI, 1965; IWAKU and OZAWA, 1979) . These authors examined periodontal and pulpal vascular architecture in rat incisors by use of a pigment injection method (HUELKE and CASTELLI, 1965) or vascular casting method (KINDROVA and MATENA, 1959) . The latter investigators briefly described the presence of a network of vessels with large caliber, though they did not refer to the distribution and biological significance of these structures. Using a vascular casting method, IWAKU and OzAwA (1979) noted the existence of large-caliber vessels in the labial periodontal ligament of rat incisors, and called them "sinusoidal veins", based on the interpretation of the possible direction of the blood flow. The present TEM observations confirmed the absence of smooth muscle cells in the sinusoidal wall, implicating the inadequacy of the term "sinusoidal veins"; it may be more appropriate to simply call them "sinusoidal vessels". As the three-dimensional network of the sinusoidal vessels surrounding the perimeter of rodent's incisors has not been disclosed in previous studies, the present study is the first to demonstrate the precise organization of these structures.
In general, the microvasculature in the periodontium is known to vary in spatial arrangement according to kinds of teeth, animal species, and location around the teeth (CARRANZA et al.,1966; WEEKES and SIMS, 1986) . No previous studies on the periodontal vasculature have documented such vessels with large diameters in the rooted teeth of various animals (CARRANZA et al., 1966) and the continuously-erupting molars such as those of the rabbit (BoYER and NEPTUNE, 1962) and guinea pig (CARRANZA et al., 1966) . Our preliminary study confirmed the existence of well-developed sinusoids in the incisors of other rodents, including the rat, mouse and guinea pig (SATO et al., 1989) . Therefore, to our knowledge, the sinusoidal vessels in the periodontal ligament seem to be unique to rodent's incisors. As rodent's incisors continuously erupt throughout the life of animals, the animals are required to constantly bite so as to wear the incisal edges by attrition. The presence of welldeveloped sinusoids should be related to such peculiar characteristics of the rodent's incisors. The blood stream in the periodontal ligament of rodent's incisors has been obscure. Our current observations indicate that branches from the inferior alveolar arteries feed capillaries through small arteries. The capillaries, particularly in the labial periodontal ligament, constitute the ladder-like capillary network in the papillary layer of the enamel organ. In the lingual and lateral region, the capillaries do not form particular networks but are randomly distributed around the sinusoidal vessels. These findings suggest that the capillaries serve to maintain the vitality of both ameloblasts on the labial side and periodontal fibroblasts in other regions, respectively. The capillaries of the papillary layer empty into the sinusoidal vessels in the vicinity of the cementum-enamel junction via short venules. It appears that the blood, emptying into the sinusoidal vessels, flows from the labial side to the lingual side via numerous anastomoses of the vessels, to finally flow into the alveolar bone.
The dense arrangement of the sinusoids around the incisors leads us to speculate that they may function like a water-filled pillow as a shock absorber or a hydraulic damper during occlusion. It is interesting that KUBOTA and OSANAI (1977) compared the teeth to vibrissa on the basis of their morphological similarities; the tooth, the periodontal ligament and its vasculature respectively correspond to the hair shaft, the connective tissue linking the hair shaft to the capsule, and the sinuses in the vibrissa. Their idea was based on their findings obtained in the periodontal ligament in molars of the Japanese shrew mole, but the authors did not depict any sinusoids around the molars or their detailed distribution. Sinuses in the vibrissa are represented by extremely expanded vessels and are believed to ensure the free movement of the hair shaft and function as a shock absorber together with its sheath (YoHRO, 1977) . As the incisors are tightly fixed to the alveolar bone by the periodontal fibers, it is unlikely that the presence of the periodontal sinusoids makes incisors more movable.
The periodontal ligament has been shown to be involved in the proprioceptive sensation during mastication. Our research group has demonstrated that Ruffini nerve endings are essential mechanoreceptors in the lingual periodontal ligament of rodent's incisors (SATO et al., 1988) . Furthermore, a close topographical relationship between the sinusoids in question and the Ruffini endings suggests a possibility that the network of sinusoids amplify the ability of Ruffini endings for periodontal sensation (KANNARI et al., 1991) . In the present study, the anastomoses of sinusoids are found to be dense on the lingual side and the periodontal fibers are separated from each other by vascular spaces. Since the periodontal Ruffini endings are densely distributed within bundles of collagen fibers between the large vessels (KANNARI et al., 1991) , the findings in this study support our idea that the sinusoids are concerned with the amplification of periodontal sensation.
